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). An addition of non-radioactive strontium typically precedes the MnO 4 -and reductant addition, which serves primarily to isotopically dilute the strontium-90 ( 90 Sr) present in the waste. Tests utilized a Tank 37H/44F composite waste solution. Personnel significantly increased the concentration of actinides in the waste by the addition of acidic americium/curium solution (F-Canyon Tank 17.1 solution), which contained a significant quantity of plutonium (Pu), and neptunium-237 ( 237 Np) stock solution. Initial tests examined three manganese oxide treatment options. Results indicated the following.
• All three manganese oxide treatment options reduced the 90 Sr concentration below the Saltstone Waste Acceptance Criteria (WAC). After 24 hours of reaction, 99% of the initial level of 154 nCi/g of Sr was removed from solution. In these tests, the use of non-radioactive Sr to provide isotopic dilution provided no significant advantage in kinetics or ultimate capacity for Sr removal in the treatment of actual wastes.
• Comparison MST tests also reduced the 90 Sr concentration below the Saltstone WAC. After 24 hours of reaction, 90% of the initial level of 154 nCi/g of Sr was removed from solution.
• Under the conditions tested (i.e., high Pu concentration), all three manganese oxide treatment options proved unsuccessful in reducing the Pu (sum of  238 Pu,   239 Pu, and 240 Pu) activity below the Saltstone WAC. After 24 hours of reaction, only 23% of the initial level of 303 nCi/g of Pu was removed from solution. The Nominal Manganese option provided the best level of decontamination within 24 hours of treatment (i.e., 41% of the initial level of 303 nCi/g of Pu removed from solution).
• The addition of non-radioactive Sr for isotopic dilution of Sr appeared to enhance Pu removal (41% of the initial level of 303 nCi/g of Pu was removed with the addition of Sr and none, 0%, of the Pu was removed without Sr addition). The data set is not sufficient to fully evaluate this observation.
• The MST tests, like manganese oxide, also proved unsuccessful in decontaminating Pu to the required concentration (after 24 hours of reaction, 58% of the initial level of 303 nCi/g of Pu was removed from solution). Under the conditions tested, MST proved slightly more effective than manganese oxide in reducing the Pu concentration.
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• Neptunium decontamination appeared roughly equivalent for both treatment methods (after 24 hours of reaction, both the Nominal Manganese treatment and MST treatment removed 47% of the initial level of 0.0877 nCi/g of Np) with both methods failing to achieve the required removal efficiency.
• The poor decontamination performance observed in both manganese oxide and MST treatments likely resulted due to the increased concentrations of Pu present in the waste. Increased levels of either MST or MnO 4 -are required to achieve the required level of decontamination.
Personnel conducted additional tests based upon a recommendation from these findings. These tests examined both MST and manganese oxide treatment options. Freshly precipitated manganese oxide tests varied the amount of MnO 4 -added, the reductant used (i.e., H 2 O 2 versus HCO 2 -), and removal of the insoluble actinides present in the initial phase of testing. Results and conclusions obtained from the additional tests include the following.
• Increasing the amount of MnO 4 -added led to an increase in the quantity of Pu and Np removed. Uranium (U) did not behave with the same correlation.
• Co-precipitation (and not adsorption) seems the predominate mechanism for Pu and Np removal in freshly precipitated manganese oxide tests.
• The removal of Np in manganese oxide tests may correlate with the addition of Sr at the start of the tests. The data is less conclusive for Pu.
• The use of H 2 O 2 , rather than HCO 2 Na, as a reductant did not significantly improve the ultimate removal of actinides in the manganese oxide tests but did complete the reaction much faster.
• Plutonium and neptunium removal via MST appears to follow classical adsorption theory (i.e., the quantity removed depends upon the starting solution concentration). Insufficient data exists to ascertain the adsorption model that best fits the data.
Analysis of the data continues. The authors will compare the data from these tests with those from earlier experiments using simulated wastes to provide insights as to consistency of performance and the removal mechanism for each treatment option. Such analysis begins the effort to develop a predictive model for the process efficiency at removing the targeted radionuclides. Recommendations for additional testing will result from that comparison.
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Introduction
The baseline flowsheet for the Salt Waste Processing Facility (SWPF) at the Savannah River Site uses monosodium titanate (MST) for the removal of radioactive strontium (Sr), plutonium (Pu) and neptunium (Np). Hobbs and Walker 1 studied the adsorption of Pu and uranium (U) onto MST in alkaline solutions. These tests showed that MST would remove the targeted radionuclides from simulated alkaline waste. Continued testing indicates that Pu removal kinetics and Np capacity of the MST material impacts the size of equipment and waste blending plans for the SWPF. Additionally, calculations suggest the baseline MST process may not achieve the desired decontamination in wastes containing elevated concentrations of Pu and Np. 2 Consequently, the Department of Energy (DOE) requested that Savannah River Technology Center (SRTC) personnel investigate the ability of freshly precipitated manganese oxide to remove Sr and actinides from high-level waste. Manganese oxide precipitation occurs by addition of a reductant (e.g., sodium formate, HCO 2 Na) to a solution containing sodium permanganate (NaMnO 4 ). Isotopic dilution, by the addition of non-radioactive Sr, typically precedes the reduction step. This approach follows similar studies performed for Hanford waste. 3 If successful, this process offers increased throughput resulting in decreased equipment size. The DOE also requested that SRTC conduct tests to evaluate the capability of MST in actual high-level waste that contained elevated concentrations of Pu and Np as a means of comparison to the manganese oxide treatment.
Previously, research identified the adsorption kinetics of actinides and Sr onto MST as a technical risk. Hobbs' MST tests examined the extent and rate of adsorption of Sr, U, Np and Pu as a function of temperature, MST concentration, and the concentrations of sodium (Na) and adsorbing species (Sr, Pu, Np and U). 4 Analysis of the testing indicated the need to perform additional kinetic testing with radioactive Savannah River Site (SRS) tank waste and with simulants at lower ionic strength and MST concentrations. Subsequent radioactive waste tests utilized a composite material prepared from archive samples from over twenty SRS tanks. Results indicated that the extent and rate of Sr, Pu, Np and U removal with MST in radioactive waste agree with that previously measured with simulants. 5, 6 Additional tests with simulated waste solutions measured the extent and rate of Sr, Pu, Np and U removal at 25 °C in the presence of 0.2 and 0.4 g/L MST at 4.5 and 7.5 M Na concentration. More recent testing measured removal characteristics of the MST testing using a simulated salt solution with a Na concentration of 5.6 M. Results indicated lower sorbate removal with increased Na ion concentration. 7 Tests described in this document address the capability of manganese oxide treatment to remove Sr, Pu, and Np from actual high-level waste containing elevated concentrations of Pu. Additionally, the tests investigate MST (using two unique batches) performance with the same waste for direct comparison to the manganese oxide performance.
Experimental
The investigation consisted of two phases of testing. In the initial phase, 10 tests evaluated the performance of either manganese oxide or MST for the removal of 90 Sr and alpha-emitting radionuclides from actual high-level waste. 8 In the second phase of testing, referred to as the Second Generation test phase, we subjected residual material from 8 of the 10 initial phase tests to further manganese oxide or MST treatments at varying conditions. 
Preparation of Salt Solutions for Initial Phase Testing
The actual high-level waste solutions used in these tests came from archived waste samples. The waste solution identified as 5.6 M Na + in this report originated from supernate samples taken from Tanks 37H and 44F. D. D. Walker prepared a composite of these samples for use in a solvent extraction demonstration. 9 Researchers prepared the waste for this testing by analyzing the received Tank 37H/44F Composite waste solution for Na. Once analyzed, they then diluted the waste with 1.6 M NaOH to the desired Na concentration of 5.8 M. This permitted adding small aqueous aliquots of the treatment additives so that the final test solutions would contain 5.6 M Na + . Two dilutions and analyses occurred to achieve the desired sodium concentration. The resulting solution volume equaled 1000 mL. Researchers then added 6 mL of acidic Americium/Curium solution (Tank 17.1 solution obtained from T. B. Peters 10 ) and 66 µg (contained in 1 mL of 5 M HNO 3 ) of 237 Np (from D. T. Hobbs' 2.68 mg/mL 237 Np stock solution) to the diluted waste solution. Operators shook the solution to mix and allowed it to equilibrate over 1 week. We did not filter the solution prior to use. Filtered and unfiltered aliquots received analysis by titration, atomic adsorption (AA), ion chromatography (IC), inductively coupled plasma-mass spectrometry (ICP-MS), inductively coupled plasmaemission spectroscopy (ICP-ES), gamma radiolysis, and Pu triphenyltrifluoroacetone scintillation analysis (PuTTA). Appendix 1 contains the final diluted composition of the waste solution. Table 2 shows specific components of relevance. The waste solution identified as 4.7 M Na + came from T. B. Peters. It consisted of the same Tank 37H/44F Composite previously described along with a small fraction of waste solution composited from several residual waste tank samples (i.e., this mixture has been referred to as the multi-tank composite in prior testing by Peters 8 ). This Tank 37H/44F/Multi-Tank Composite solution remained from the previous actual waste Small Tank Tetraphenylborate Continuously Stirred Tank Reactor (CSTR) demonstration. 8 As with the other waste solution, researchers prepared this waste for testing by analyzing the received waste solution for Na. Once analyzed, they diluted the waste with 1.6 M NaOH to the desired endpoint of 4.7 M. Again, personnel used two dilutions and analyses to achieve the desired concentration. Unlike the previous waste solution, personnel did not add other radionuclides to the diluted waste solution. They shook the solution to mix and allowed it to equilibrate over 2 weeks. We did not filter the solution prior to use. Personnel analyzed filtered and unfiltered aliquots by titration, AA, IC, ICP-MS, ICP-ES, gamma radiolysis, and PuTTA. Appendix 2 contains the final diluted composition of the waste solution. Table 3 shows specific components of relevance. 
Initial Phase Sr and Actinides Removal Tests
Researchers performed testing with the radioactive waste solutions in the SRTC Shielded Cells Facility. All tests used 250-mL polyethylene (PE) bottles fitted with a cap. Researchers prepared each test by placing 114 mL of the appropriate waste solution in the bottle. The MST tests initiated with the addition of a pre-dosed aliquot of 0.048 g MST (contained in a 6 mL aqueous slurry). The MST used in the tests came from two different batches. One batch, Lot 33180, represents a "qualified" batch of MST. The other source, TNX MST, consisted of residual MST from the prior demonstrations with actual waste. 8, 9 This material was from a composite of MST drums located at the former SRS TNX site. Researchers placed the test bottles on a shaker table at ambient temperature (21 °C) and agitated continuously at a rate capable of suspending solid materials as visually observed. Sampling occurred 2, 5, 24, 96, and 168 hours after addition of the MST or Sr aliquots. Sampling involved removing a test bottle from the shaker, manually shaking to produce a homogeneous mixture, and pulling approximately 4.5 mL of the test mixture into a disposable 10-mL syringe. Personnel filtered the sample mixture through a 0.45-µm nylon syringe filter disk and into a PE sample bottle. They capped the original test bottle and replaced in the shaker, typically within 5 minutes from the start of sampling. After sampling all tests, the operator pipetted 1-mL portions of each filtered sample into a second set of pre-weighed, PE sample bottles containing ~49.5 mL of 2 M nitric acid. They weighed the diluted samples to determine the mass of sample transferred into each bottle. They shook the diluted samples and submitted for analysis by ICP-MS, PuTTA, and radiochemistry for U (sum of 234 
Second Generation Tests
We performed additional actinide removal treatments on residual material from eight of the 10 Initial Phase tests. Testing examined a number of parameters. These included the reductant added (HCO 2 -vs. H 2 O 2 ), removal of solids (in particular insoluble actinides),
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The Second Generation tests used the residual material in their original test containers (except for the Tests 2A and 2B which we filtered using 0.45-µm disposable nylon filters and the filtrate transferred to new 250-mL PE bottles). Just prior to the start of these tests, technicians sampled the residual material from each of the involved tests for soluble actinides. Table 5 contain the analytical results. Additionally, personnel conducted scouting tests for identifying necessary techniques for the use of H 2 O 2 as a reductant. We obtained the following reaction guidelines from these tests.
• Magnetic stirring provided the best reduction of MnO 4 -.
• Peroxide addition onto the surface of the solution proved acceptable as long as good mixing occurred. • Dilute (6 wt %) H 2 O 2 in water appeared sufficiently stable for use in the tests.
Personnel prepared fresh solution on the morning of testing and assured its stability by testing it with simulated waste just prior to its use in the cells.
The addition and sampling sequence varied depending upon the additives involved. 237 Np, and total U). Appendix 3 contains the numerical data. Table 7 provides a summary of average decontamination factors (DFs) for each of the sorbates after 5 and 24 h of reaction. The table also provides data previously reported by M. C. Duff for comparison. 11 Note that the Duff data came from simulated waste tests with significant differences in the initial sorbate concentrations. A comparison of the actual waste and Duff's simulant test solutions is shown in Table 8 . Numerical kinetics data from the Duff test (referred to as Test #24 in Reference 13) is contained at the end of Appendix 3.
Strontium Removal
All three manganese oxide test variations reduced the 90 Sr concentration below the Saltstone WAC (40 nCi/g). Examination of the Sr data indicates that the bulk of decontamination occurred within 2 h. This observation mimics that observed in prior studies using manganese oxide to treat Hanford high-level waste. 3 The data indicate that the Manganese without Strontium tests proved the most rapid and the Nominal Manganese tests proved the slowest of all test sets. However, no conclusions on the rates of decontamination should be made given the small number of samples and the minor differences in data. Ultimately, all three manganese oxide test variations yielded nearly the same level of decontamination by the end of one week (see Appendix 3). 
Plutonium Removal
Plutonium behaved differently than Sr. Figure 2 and Table 7 show that only the Nominal Manganese tests showed significant decontamination within the planned 24-hour process cycle. In all cases, the extent of removal peaked within 5 hours and then declined over the remaining test period. All of the tests failed to reduce the Pu concentration below the Saltstone WAC (total alpha = 18 nCi/g). Duff's Test #24 showed similar kinetics (i.e., removal maximized very early in the test). As expected, Duff's test showed better DFs for simulant. This can be attributed to the significantly lower Pu concentration in her solution (approximately 4% as much Pu as in these actual waste tests). Additionally, all Pu stayed soluble in Duff's test while only 29% of the Pu in the current tests remained soluble. Figure 3 and Table 7 provide Np behavior for the conditions tested. The Np concentration data suggests that addition of MnO 4 -resulted in dissolution of some Np solids present in the sludge solids. This may occur since MnO 4 -is a strong oxidizer. Generally, higher oxidation states of actinides exhibit higher solubilities. The oxidation potential for MnO 4 -under alkaline conditions is sufficiently high to oxidize Np(V) to Np(VI). Thus it is possible that the higher Np concentration may reflect oxidation of Np(V) to Np(VI). If true, this effect might produce a delay in Np removal, as observed with this data set. Given the complexity of the tests due to the changing systems, comparison of the tests is difficult. The data do not indicate which condition offers the best decontamination. None of the tests achieved the required level of decontamination (Np = 0.03 nCi/g).
Neptunium Removal
-Page 18 of 43 - Figure 4 and Table 7 provide the data for U removal by manganese oxide treatment. Uranium behaved similarly to that reported by Duff. 11 Less than 10% of the U was removed in any of the tests within 24 or 168 hours. Note that the waste does not require U removal. However, we monitored its removal efficiency since it competes with the other sorbates in MST pre-treatment and is removed in the manganese oxide treatment process (based on simulant tests). None of the tests were distinguishable from the others. The low DF values indicate little removal of U in these tests (actually removal was high on a per g basis, there is just a lot more U than Pu in the tests). Np, and total U, respectively. Appendix 3 contains numerical test data. Table 9 provides a summary of DFs for each of the sorbates, with respect to each MST lot, after 24 and 168 h of reaction. The table also provides data previously reported by K. M. Marshall for comparison. 12 This data came from a simulant test with the same batch of MST and with a similar salt composition (see Table 10 for the solution comparison). 12 The lower DF's may reflect higher total strontium concentration in the radioactive waste compared to that in the simulated waste solution. In the simulant test, the initial total strontium concentration measured 621 µg/L. The total strontium concentration in the radioactive waste was indeterminate due to the high dilution factor employed to prepare the sample for ICP-MS analysis. Based on the ICP-MS detection limit, the total strontium concentration in the waste solution could be as high as 2000 µg/L. The removal performance of the MST is dependent on the total mass concentrations of the strontium, the actinides and any other species that adsorbs onto the MST. Given that the waste solution measured about 10% higher in soluble uranium to that in the simulant, a lower DF value for strontium would be expected if the total strontium concentration in the waste was close to 2000 µg/L. The purpose of this test was to provide a measure of the effect of mixing on MST treatment. Minimal information is available to assess the influence of mixing on sorbtion behavior. Comparison of the solvent extraction 9 and tetraphenylborate CSTR 8 demonstrations with actual waste showed a marked loss in efficiency as mixing performance decreased. Hence, we added this test to provide a more reliable examination of the influence of mixing. Np, and total U, respectively, obtained by contacting with MST in a 4.7 M Na + solution. Appendix 3 contains numerical test data. Table 11 provides a summary of DFs for each of the 
Uranium Removal
MST
Comparison of Treatment Options
The primary objective of this test program was to investigate the ability of freshly precipitated manganese oxide treatment to remove Sr, Pu, and Np to satisfactory levels. The performance of manganese oxide treatment relative to the current baseline process, MST adsorption, provides the most direct assessment. 
Second Generation Tests
MST Treatment
We conducted duplicate tests of MST treatment of actual waste. The tests consisted of three successive additions of 0.2 g/L MST to the waste. Appendix 4 and Figures 13 and  14 contain the concentration data obtained from the tests. The tests show good agreement between the data sets with both approaching the required level of decontamination for Saltstone disposal. The graphs also show DFs for the individual contacts. Table 13 contains the overall DF measurements. Even though the tests did not reach equilibrium, the DFs proved slightly better than those observed in the Initial Phase tests. The slightly increased DFs may be attributed to differences in starting concentration between the Initial Phase and Second Generation tests. A better comparative method for the two phases of testing would assess their loadings (i.e., µmole sorbate/g MST) versus the resulting solution concentration of the sorbate. Table 14 contains the loadings for both tests from both test phases. The behavior of both Pu and Np appears to follow classical adsorption theory (i.e., loading concentration is directly proportional with solution concentration). Insufficient data exists for uranium to assess whether it follows classical adsorption behavior. For the Second Generation tests, the values are not considered to be at equilibrium.
Manganese Oxide Treatment
We used residual material from the six Initial Phase manganese oxide tests for additional manganese oxide tests. Second Generation testing examined the reductant added (HCO 2 -vs. H 2 O 2 ), removal of solids (in particular insoluble actinides), and the quantity of MnO 4 -or MST added. Appendix 4 contains actinide concentration data from the tests. Table 15 provide the overall DFs for Pu, Np, and U in each test. Again, DF is a concentration dependent measure best utilized for comparing test solutions with nearly identical composition and concentration. In these tests, the compositions and actinide concentrations remained similar, but not identical. Therefore, a comparison of DF permits some level of comparison but it should not be considered an exact judge of test effectiveness. The tests behaved as expected. Tests utilizing 0.02 M MnO 4 -produced the largest DFs for both Pu and Np, as shown graphically in Figures 15 -18 . Testing did not demonstrate the same behavior for U. As a whole, little difference existed in the DF for those tests comparing H 2 O 2 to HCO 2 -as the reductant. Removal of insoluble actinides by filtration did not significantly increase the resulting solution DF values. no DF values were calculated from changes in concentration between the pre-test sample, T= 0 h, and the last sample obtained from each test. Table 16 presents relevant actinide data from both the Initial and Second Generation Phase manganese oxide tests. Figures 19 -21 graphically display the data with the tests identified as either having or not having Sr added. All Second Generation tests as well as two of the six Initial Phase tests occurred without adding Sr. For Pu, a trend appears showing increasing Pu removed with increased MnO 4 -addition. Whether the addition of Sr affects the amount removed remains uncertain given the scatter in the data. Figure 20 appears to demonstrate that Np removal depends upon the addition of Sr, although the data shows significant scatter. Figure 21 indicates minimal, if any, removal of U upon MnO 4 -addition regardless of whether we added Sr. Freshly precipitated manganese oxide may remove actinides from solution by one or more mechanisms. Presumably, the two most viable pathways are co-precipitation or adsorption, with the former being most likely under the conditions employed in these tests (i.e., significantly greater concentration of MnO 4 -relative to the actinide concentrations and fairly rapid reduction, especially in the cases using H 2 O 2 ). The quantity of actinide removed should increase with increasing added MnO 4 -(or manganese solids formed from the MnO 4 -upon reduction) if co-precipitation occurs. The data and its analysis presented in the section on Second Generation testing requires further comparison with other existing data sets and additional testing to adequately understand the behavior of the actinide species with these treatment methods. That work continues at this time.
Conclusions and Recommendations
The • All three manganese oxide treatment options reduced the 90 Sr concentration below the Saltstone Waste Acceptance Criteria (WAC). In these tests, the use of nonradioactive Sr to provide isotopic dilution provided no significant advantage in kinetics or ultimate capacity for Sr removal in the treatment of actual wastes.
• Comparison MST tests also reduced the 90 Sr concentration below the Saltstone WAC.
• Under the conditions tested (i.e., high Pu concentration), all three manganese oxide treatment options proved unsuccessful in reducing the Pu activity below the Saltstone WAC. The Nominal Manganese option provided the best level of decontamination within 24 hours of treatment.
• The addition of non-radioactive Sr for isotopic dilution of Sr appeared to enhance Pu removal. The data set is not sufficient to fully evaluate this observation.
• The MST tests, like manganese oxide, also proved unsuccessful in decontaminating Pu to the required concentration. Under the conditions tested, MST proved slightly more effective than manganese oxide in reducing the Pu concentration.
• Neptunium decontamination appeared roughly equivalent for both treatment methods with both methods failing to achieve the WAC.
Personnel conducted the Second Generation phase tests based upon a recommendation from the Initial Phase test findings. These tests again examined both MST and manganese oxide treatment options. Freshly precipitated manganese oxide tests varied the amount of MnO 4 -added, the reductant used (i.e., H 2 O 2 versus HCO 2 -), and removal of the insoluble actinides present in the initial phase of testing. Results and conclusions obtained from the additional tests include the following.
• Increasing the amount of MnO 4 -added led to an increase in the quantity of Pu and Np removed. Uranium did not behave with the same correlation.
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• Plutonium and neptunium removal via MST appears to follow classical adsorption theory. Insufficient data exists to ascertain the adsorption model that best fits the data.
Quality Assurance
Personnel prepared non-radioactive solutions from reagent grade chemicals using calibrated balances checked daily before use. 13 The weights used for balance checks received calibration by the SRTC Standards Laboratory. Personnel verified the accuracy of glassware and pipettes used to measure volumes by gravimetric methods using water as a standard.
14 All measurement and test equipment (M&TE) used in this task received calibration or verification for accuracy prior to their use. The Analytical Development Section performed all chemical and radiochemical analyses per approved analytical methods. 15 The following documents govern the work reported in this document.
• • Savannah River Site Salt Processing Project Research and Development Program Plan, PNNL-13253, Rev. 1, November 2000.
• 
